Abstract-Copper metallized AlGaAs/InGaAs psedomophic high-electron-mobility transistor (PHEMT) single-pole-doublethrow (SPDT) switches utilizing platinum (Pt, 70 nm) as the diffusion barrier is reported for the first time. In comparison with the Au metallized switches, the Cu metallized SPDT switches exhibited comparable performance with insertion loss of less than 0.5 dB, isolation larger than 35 dB and the input power for one dB compression (input 1 dB ) of 27 dBm at 2.5 GHz. These switches were annealed at 250 for 20 h for thermal stability test and showed no degradation of the dc characteristics after the annealing. Also, after 144 h of high temperature storage life (HTSL) environment test, these switches still remained excellent and reliable radio frequency (RF) characteristics. It is successfully demonstrated for the first time that the copper metallization using Pt as the diffusion barrier could be applied to the GaAs monolithic microwave integrated circuits switch fabrication with good RF performance and reliability.
I. INTRODUCTION
T HE COPPER metallization process has been widely used in silicon integrated circuit technology since IBM announced its success with copper metallization in the silicon very large scale integration process [1] - [3] . Traditionally, Ti/Au interconnect metal is widely used for the fabrication of GaAs based field effect transistors and monolithic microwave integrated circuits (MMICs) and the reliability of the metal system has been well proven. In this study, we use copper metal instead of gold metal as the interconnect metal for the AlGaAs/InGaAs psedomophic high-electron-mobility transistor (PHEMT) single-pole-double-throw (SPDT) switches. The employment of copper as the metallization metal has several major advantages over gold, such as lower resistivity, higher thermal conductivity, and lower cost. Assuming that copper replaces gold as the metallization for a switch, significant improvement in the electrical conductivity can increase the switch speed of the circuit. Nevertheless, copper diffuses very fast into GaAs if without any diffusion barrier and forms a deep acceptor to capture carrier in GaAs. It will lead to the failure of the electrical properties of the GaAs devices. In our previous research, we have demonstrated backside copper metallization on GaAs semiconductor field-effect transistors (MESFET) using TaN as the diffusion barrier [4] , copper airbridge on low noise GaAs high-electron-mobility transistors (HEMTs) using WNx as the diffusion barrier [5] , and fully copper metallized InGaP/GaAs heterojunction bipolar transistor (HBT) using platinum as the diffusion barrier [6] . In this study, we choose Pt as the diffusion barrier metal since Pt is commonly used as the plate metal for the metal-insulator-metal (MIM) capacitor of the switch. The Pt diffusion barrier was very effective in preventing copper from diffusing into the conventional Schottky and Ohmic metal in this study. The fabrication and the electrical performance of the SPDT MMIC switches using copper metallization technology are reported for the first time.
II. DEVICE STRUCTURE AND FABRICATION
The PHEMT wafer was grown by metal organic chemical vapor deposition (MOCVD) on a 4-in semi-insulating GaAs substrate. The epi-layers of the device, from bottom to top, are composed of a 600-nm buffer, a 13-nm InGaAs channel, a 3-nm undoped AlGaAs spacer, a delta-doped layer, and a 37-nm AlGaAs schottky layer and 60-nm n-GaAs capping layer. The Hall electron mobility and sheet carrier concentrations at room temperature are 6500 cm /V s and 3.0 10 cm , respectively.
The device fabrication was carried out by the use of traditional lithograthy and lift-off technique. Mesa isolation and epitaxial resistors were formed utilizing H PO -H O -H O mixing solution. The source and drain Ohmic metals (Au/Ge/Ni/Au) were deposited by e-beam evaporator and rapid thermal annealed at 410 C for 30 s to form Ohmic contacts. The typical Ohmic contact resistance was 0.12 mm. A mixing solution of citric acid and hydrogen peroxide was used for the gate-recess process. Ti/Pt/Au was used as the gate metal and the gate length of the devices was 0.5 m. The gate was formed by electron beam evaporation and lift-off process. The silicon nitride films were used for passivation and as the dielectric for capacitors and were deposited by plasma enhanced chemical vapor deposition (PECVD). The capacitance per unit area of the MIM capacitor was 0.25-fF/ m and the thickness of the dielectric was 200 nm. The first metal consists of the adhesion layer Ti (30 nm) and the diffusion barrier Pt (70 nm), which was also used as the top plate of a MIM capacitor. Finally, a 2-m thick copper metal for interconnection was electroplated and a 100-nm thick silicon nitride was deposited as the passivation layer. The dc and RF electrical characteristics of the copper switches were characterized to demonstrate the practicability of using the copper interconnection on the SPDT switches. Thermal stability of the Pt diffusion barrier is a major concern in this study. To demonstrate the reliability of the copper switches with the Pt diffusion barrier, the devices with the copper interconnects were furnace annealed at 250 for 20 h in the nitrogen atmosphere. The dc characteristics before and after thermal annealing were compared to verify the thermal stability of the copper metallized switches. Besides, the long-term thermal stress of copper switches was evaluated by using HTSL method, which was carried out by annealing at 150 for 144 h with no bias [7] - [10] .
III. RESULTS AND DISCUSSION
The switch developed in this study can be used in the wireless LAN system for switching between the transmitting and receiving modes. In this study, the series/shunt SPDT switch uses 0.5-m gate length, dual-fingers AlGaAs/InGaAs PHEMTs. The gate resistor between the signal and control terminal has a value of 3 k . Fig. 1 exhibits the circuit schematic of the series/shunt SPDT switch. When the control voltage 1 is biased at 3 V and the control voltage 2 at 0 V, the RF signal is flowing from RF to RF . Oppositely, the RF signal path is from RF to RF as is biased at 0 V and at 3 V. Compared with the HEMTs in the switch fabricated with conventional gold interconnects, the HEMTs in the switch fabricated using copper metallization in this study showed similar dc characteristics. The HEMTs used in the copper SPDT switches exhibited a drain saturation current density of 160 mA/mm and a transconductance of 140 mS/mm at 3 V. The devices had threshold voltage of 1.5 V. The performances of insertion loss and isolation of the SPDT switches with copper metallization and with gold metallization were measured at 2.5 GHz, respectively, and the results are as shown in Fig. 2 . The copper metallized switch had an insertion loss of 0.33 dB and an isolation of 36.7 dB (Control Voltage 3/0 V, Input Power 0 dBm) at 2.5 GHz. The results in the RF characteristics showed very little deviation for the switches with copper interconnects and the switches with gold interconnects. The deviation of these two switches is primarily due to the nonuniformity of the wet chemical etch in the gate recess process, which may influence the on-state resistance and off-state capacitance of the transistor dominating insertion loss and isolation. These RF results were consistent with the dc characteristics, which indicates that the use of copper metallization would not increase the on-state resistance and the off-state capacitance of the active channel of the transistors and implies that the copper metallization could be applied to the interconnects of the SPDT switches without effecting the switch performance.
IV. RELIABILITY TEST
To test the thermal stability of the Pt diffusion barrier, the copper metallized switches were annealed at 250 C for 20 h, the dc characteristics of the HEMT device in the circuits after annealing are shown in Fig. 3 . The device performance exhibited very little change (less than 5% difference in transconductance) after thermal annealing. The result demonstrates that the Cu-Pt interconnect layers are quite stable and the platinum is an effective diffusion barrier to impede the copper diffusion after thermal annealing. Overall, the copper metallized SPDT switches have sustained the high temperature environment test without obvious dc performance degradation.
The RF performance of the copper switches was also evaluated at high temperature. As shown in Fig. 4 , the switch has an insertion loss of 0.33 dB and an isolation of 36.7 dB at 2.5 GHz before thermal test. After 144 h of HTSL evaluation at 150 C under nitrogen atmosphere, the copper switches still demonstrated very good reliability with similar RF performance. The Pout-Pin relationships of the copper switches at 2.5 GHz after annealing at 150 C for different times are as shown in Fig. 5 , input was kept at about 27 dBm without significant change. Fig. 6 revealed that input third-order intermodulation intercept point (input IP3) of 50 dBm can be achieved at the input power of 15 dBm, and the trend of control current still remained stable. It suggests that no copper diffusion into the active device region, and no degradation of on-state resistance and power handing capability for the transistors after thermal annealing occurred for the copper metallized SPDT switches using Pt as the diffusion barrier.
V. CONCLUSION
An SPDT GaAs switch fabricated with copper metallized interconnects using Pt as the diffusion barrier is reported for the first time. The RF characteristics of the copper metallized SPDT switch exhibited an insertion loss of 0.33 dB and an isolation of 36.7 dB at 2.5 GHz, the performance is comparable to the SPDT switches fabricated using conventional Au interconnects. High power handling capability was achieved with P1dB of 27 dBm and IIP3 of 50 dBm. Based on the high temperature reliability tests including thermal stress test (annealing at 250 for 20 h) and HTSL test, no significant changes in the dc and RF characteristics were observed for the SPDT switches after these tests. It is evident from these data that the copper metallization process developed is very reliable and can be used for the GaAs MMICs fabrication.
